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Abstract
Summary In this large perspective cohort among European children and adolescents, we observed that daytime napping was
positively associated with bone stiffness, while short or long sleep duration combined with poor sleep quality was associated with
less bone stiffness. Our findings are important for obtaining optimal bone stiffness in childhood.
Introduction To examine the cross-sectional and longitudinal associations between sleep duration, sleep quality, and bone
stiffness index (SI) in European children and adolescents.
Methods Four thousand eight hundred seventy-one children aged 2–11 years from the IDEFICS study and 861 children aged 6–
15 years from the subsequent I.Family study were included. Sleep duration (i.e., nocturnal sleep and daytime napping) and sleep
quality (i.e., irregularly bedtime routine, have difficulty falling asleep and trouble getting up in the morning) were reported by
self-administrated questionnaires. Nocturnal sleep duration was converted into age-specific z-scores, and total sleep duration was
classified into short, adequate, and long based on the National Sleep Recommendation. Calcaneal SI of both feet were measured
using quantitative ultrasound. Linear mixed-effects models with country as a random effect were used, with adjustments for sex,
age, pubertal status, family socioeconomic status, physical activity, screen time, body mass index, and daylight duration.
Results Nocturnal sleep duration z-scores were positively associated with SI percentiles among participants with adequate sleep
duration at baseline. Moreover, the positive association between daytime napping and SI percentiles was more pronounced in
participants with adequate sleep duration at baseline, while at 4-year follow-up was more pronounced in participants with short
sleep duration. In addition, extreme sleep duration at baseline predicted lower SI percentiles after 4 years in participants with poor
sleep quality.
Conclusion The positive associations between nocturnal sleep, daytime napping and SI depended on total sleep duration. Long-
term detrimental effect of extreme sleep duration on SI only existed in individuals with poor sleep quality.
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Introduction
Sleep duration among European children and adoles-
cents decreased over the last decades, as reported by a
systematic review in 2012 [1]. Furthermore, the transi-
tion from childhood to adolescence is often accompa-
nied by altered sleep habits, such as irregular bedtime
routines and evening-type circadian preference [2].
Researchers have also raised concerns that difficulties
in initiating and maintaining sleep are occurring in
youth [3, 4], and poor quality of sleeping states (e.g.,
difficulties falling asleep) and waking states (e.g., trou-
ble getting up in the morning) are equally relevant to
health. Even though daytime napping could compensate
in part for less nocturnal sleep duration and poor sleep
quality, it may also lead to excessive sleep duration as
well as less efficient sleep at night time [5]. To date,
poor sleep, in terms of extreme duration and poor qual-
ity, has been linked to increased risks of poor mental
health, obesity, and cardio-metabolic risk among chil-
dren and adolescents [6].
Emerging evidence has also proposed hypotheses re-
garding the health effects of sleep on bone metabolism.
One potential pathway is the modulation of biological fac-
tors related to circadian rhythms [7], sympathetic nervous
system [8], and pro-inflammation [9]. Another potential ex-
planation may be the behavioral changes caused by poor
sleep such as unhealthy eating behaviors, less physical ac-
tivity (PA), and more sedentary behaviors (SB) [10], which
may further exert detrimental effects on bone accrual. In
fact, a number of studies among adults have supported these
hypotheses. A recent meta-analysis amongmiddle-aged and
elderly adults suggested a U-shaped dose-response with the
pooled odds ratios (ORs) of osteoporosis risk of 1.03 (95%
CI 1.01–1.06) for each 1-h sleep reduction among individ-
uals with shorter sleep duration (< 8 h/day), and 1.01 (95%
CI 1.00–1.02) for each 1-h sleep increment among individ-
uals with longer sleep duration (> 8 h/day) [11]. Two obser-
vational studies suggested that poor sleep quality was asso-
ciated with adulthood osteoporosis measured using Dual-
energy X-ray absorptiometry (DXA) [12] and quantitative
ultrasound (QUS) [13]. Considering that a large proportion
of bone accrual increases during childhood until peak bone
mass is achieved during young adulthood [14], the role of
sleep on bone health is probably more pronounced in early
life. However, few studies have been conducted in children
and adolescents, and reported inconsistent results with pos-
itive [15, 16] or no associations [17] of sleep duration with
bone mineral content (BMC) and bone mineral density
(BMD). Besides, little attention has been paid to sleep qual-
ity as well as its interrelated effects with nocturnal sleep and
daytime napping on bone health.
A better understanding of the relationship between sleep and
bone accrual could be helpful to obtain optimal bone strength,
which is also considered to be an important prevention strategy
for osteoporosis fracture in later life. In order to fill the gaps in
previous studies, we aimed to investigate cross-sectional and
longitudinal associations of nocturnal sleep duration, daytime
napping, and sleep quality with bone stiffness index (SI) mea-
sured using QUS from a large population-based cohort of chil-
dren and adolescents, and to further explore the interactive effects
between total sleep duration and sleep quality on SI.
Methods
Study design and population
The IDEFICS/I.Family cohort is a multicentre population-
based study which was conducted in eight European
countries: Belgium, Cyprus, Estonia, Germany, Hungary,
Italy, Spain, and Sweden. The main aim of this cohort
was to investigate and prevent diet- and lifestyle-related
diseases and disorders among European children and ad-
olescents. The baseline survey (IDEFICS study) was con-
ducted between September 2007 and May 2008, two or
more communities in each country whose socio-
demographic profile and infrastructure were similar and
typical for their region were selected. In total, 16,229
children aged 2 to 9 years participated and fulfilled the
inclusion criteria. Two follow-up examinations were fur-
ther conducted with similar examination modules after 2
years (IDEFICS study) and 6 years (I.Family study) at
2009/2010 and 2013/2014, respectively. The study was
conducted according to the standards of the Declaration
of Helsinki. Ethical approval was obtained from the ethics
committees by all eight study centers. Before children
entered the study, parents provided written informed con-
sent. Additionally, children aged 12 years and older gave
simplified written consent and children younger than 12
years gave oral consent before each examination. More
details on the study design of the IDEFICS/I.Family co-
hort were published previously [18].
We included data from who participated in the 2009/2010
(in the following referred to as baseline) and 2013/2014 sur-
veys (in the following referred to as follow-up) of the
IDEFICS/I.Family cohort, since the sleep variables of interest
were only assessed at these two time points. QUS
Osteoporos Int
measurements were conducted as an optional module in each
survey, with 6886 participants at baseline (50.6%) and 2892
participants at follow-up (30.3%), respectively. There were no
significant differences between participants and non-
participants for main demographic characteristics (i.e., sex,
age, and family socioeconomic status (SES)). We further ex-
cluded children and adolescents who (1) had implausible QUS
measurements, i.e., absolute difference of SI between the right
and left foot exceeded the 97th percentile (39 units) based on
total 8280 measurements; (2) had an indication of impaired
bone health at baseline, i.e., with disease or receiving medical
treatments affecting the bone; (3) had implausible nocturnal
sleep duration, i.e., more than 16 h per night or less than 5 h
per night; and (4) had incomplete data of covariates, i.e., PA,
SB, and pubertal status. Finally, a total of 4871 children at
baseline were eligible for the cross-sectional analysis. Of
these, 861 participants with complete information at both
baseline and follow-up were included in the longitudinal
analysis.
Questionnaires
General questionnaires related to lifestyle behaviors were col-
lected in the IDEFICS/I.Family cohort. Parents were asked to
complete the questionnaires on behalf of their children youn-
ger than 12 years old, while for older children and adolescents,
the questionnaire was self-reported.
Sleep characteristics
The duration of nocturnal sleep and daytime napping
(hours and min) at weekdays/school days and weekend
days/vacations was separately recorded. The average of
daily nocturnal sleep duration was calculated for each
child as fol lows: (nocturnal sleep durat ion on
weekdays/school days × 5 + nocturnal sleep duration
on weekend days/vacations × 2) / 7. The value of noc-
turnal sleep duration for each child was further trans-
formed to an age-specific z-score based on the reference
population from I.Family study, in order to consider
both children and adolescents. The maximum number
of observations with plausible information on age and
nocturnal sleep duration was included to obtain the best
possible estimates; the years of age were used as cate-
gories to calculate age-specific means and standard de-
viations. Analogously, the average of daily napping time
was calculated and expressed as 10 min/day in order to
better interpret the regression coefficients.
We further calculated the total sleep duration by adding up
the nocturnal sleep and daytime napping. According to the
sleep recommendation from the National Sleep Foundation
(NSF) [19], we used the definition of short and long sleep
duration as < 10 h/day and ≥ 13 h/day for pre-school children
aged 2 to < 6 years, < 9 h/day and ≥ 11 h/day for primary
school children aged 6 to < 12 years, < 8 h/day and ≥ 10 h/day
for adolescents aged 12 to 15 years, respectively.
Additionally, participants were asked to report their typical
sleeping habits and daytime condition as follows: (1) do you
have a regular bedtime routine (yes = 1 and no = 0); (2) do you
have trouble getting up in the morning (yes = 0 and no = 1);
and (3) do you have difficulty falling asleep (yes = 0 and no =
1). Similar items were used previously in other large
population-based study [20]. We calculated a cumulative
score as the sum of these three items (range from 0 to 3);
individuals scoring 3 were considered as having good sleep
quality.
Physical activity and sedentary behavior
PA level of the participants was recorded as weekly duration
of participation in sports clubs. They were asked to report
whether the child was a member of a sports club (yes or no);
if the answer was yes, then they had to report how many hours
and minutes per week. The weekly time spent at sports clubs
was calculated by adding hours and minutes and expressed as
hours per week (h/w). SB level of the participants was record-
ed as daily duration of total screen time. Screen time was
calculated from reported usual duration of the child watching
TV/videos/DVDs and playing computer/game console on a
normal weekday and weekend day. For both questions, six
response categories were offered and converted into the fol-
lowing scoring system: not at all = 0, < 30 min = 1, < 1 h = 2,
1– < 2 h = 3, 2–3 h = 4, and > 3 h = 5. Each screen-based SB
was calculated separately for weekdays and weekend days by
adding up the converted responses of questions as follows:
screen-based SB on weekdays/school days × 5 + screen-
based SB on weekend days/vacations × 2. The weekly dura-
tion of screen time was the total duration of these two screen-
based SB and expressed as hours per week (h/w).
Other covariates
The age, sex, and SES of participants were obtained from
parental questionnaire. The highest education of parents was
obtained as a proxy indicator for SES according to the
International Standard Classification of Education (ISCED)
(low: ISCED levels 0–2; medium: ISCED levels 3–4; high:
ISCED levels 5 and higher) [21]. The pubertal status was self-
reported by children aged 8 years and older, and was defined
as pre-pubertal or pubertal based on voice change in boys and
first menstrual period in girls [16]. Sunlight exposure accounts
for the main source of vitamin D synthesis [22]; therefore,
mean daylight duration (± 0.1 h) for each examination month
in each location was calculated using astronomical tables as a
proxy for vitamin D level.
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Bone stiffness index
SI was measured on the left and right calcaneus using
QUS (Achilles Lunar Insight TM GE Healthcare,
Milwaukee, WI, USA); the reliability study and the
methodology of QUS device have previously been de-
scribed in detail [23]. The measurements and quality
control were performed by trained nurses based on the
standard operating procedures provided by the manufac-
turer. The foot was positioned using two different sizes
of adapters for participants to keep their calcaneus prop-
erly. Before recording each measurement, the preview
image of the calcaneus and the region of interest were
required to display, in order to avoid measurement error
caused by incorrect locations, e.g., the growth plate.
The SI was calculated automatically as a percentage
(units) based on normalized and scaled values of broad-
band ultrasound attenuation (BUA, dB/MHz) and speed
of sound (SOS, m/s) according to: BSI = (0.67*BUA) +
(0.28*SOS) − 420. The value of BUA represents the
spatial orientation of the bone trabeculae and increases
with greater trabecular complexity. The value of SOS
represents the velocity of sound traveling through the
bone and increases with greater structures density, and
the combination of SOS and BUA was slightly better at
predicting bone strength than either parameter alone
[24]. The mean SI of the left and right calcaneus mea-
surements was calculated and used in the statistical
analysis. For each individual, the SI percentile was cal-
culated additionally as outcome according to age, sex,
and height based on the IDEFICS/I.Family reference
population. The processing method and the first descrip-
tive results of SI percentile values in the IDEFICS study
can be found elsewhere [23], and we additionally pro-
vided the sex-specific reference curves for SI percentiles
by age for average children based on the 50th height
percentile in the IDEFICS/I.Family study in Online
Resource (Figure S1).
Anthropometrics measurements
Physical examinations including body weight and height
were measured by trained nurses based on the standard op-
erating procedures. Weight (kg) was measured to the nearest
0.1 kg using the Tanita scale (BC420 MA for children and
BC418 MA for adolescents, Tanita Europe GmbH,
Sindelfingen, Germany). Height (cm) was measured to the
nearest 0.1 cm using the calibrated stadiometer (Seca 225/
213 stadiometer, Birmingham, UK). All examinations were
in light clothing without shoes. Body mass index (BMI) was
calculated as weight (kg) divided by height (m) squared; the
values were transformed to age- and sex-specific z-scores
based on Cole et al. [25]
Statistical methods
Associations between sleep duration, sleep quality, and SI
were investigated using linear mixed-effects models, and a
random effect for country was added to account for cluster
effects. All models were adjusted for age, sex, family SES,
daylight duration, and BMI z-scores in each survey. The ex-
posures of sleep duration at baseline and/or follow-up were
included as continuous variables (i.e., nocturnal sleep duration
z-scores and daytime napping duration) and a dichotomous
variable (i.e., fulfilling the sleep recommendation or not) in
separate models, to additionally investigate the benefit of
meeting sleep recommendation on SI percentiles. The expo-
sure of sleep quality at baseline and/or follow-up was included
as a dichotomous variable (i.e., good and poor). The outcome
for cross-sectional analyses was baseline SI percentile, with
additional adjustments for baseline duration of PA and SB.
The outcome for longitudinal analyses was SI percentile at
follow-up, with additional adjustments for SI percentile at
baseline, pubertal status at follow-up, and average durations
of PA and SB at both surveys. Since sleep duration and sleep
quality may have interactive effects on SI, we further stratified
the whole group by total sleep duration and quality, to inves-
tigate the different effects of interests across stratifications.
All the statistical analyses were carried out with the
Statistical Analysis System (SAS) software package
(Version 9.4; SAS Institute, Cary, NC). Regression coeffi-
cients (β), 95% confidence intervals (95%CIs), and p values
were calculated. The significance level was set at α = 0.05 (2-
sided tests); multiple testing was further adjusted and cited in
footnotes if p values exceed 0.05 according to Holm's sequen-
tial Bonferroni procedure [26].
Results
Descriptive analyses
At baseline, 4871 participants consist of 742 pre-school chil-
dren and 4129 primary school children were included in cross-
sectional analyses. Of these, 861 participants consist of 352
primary school children and 509 adolescents from 5 partici-
pating centers were further included in longitudinal analyses
after a 4-year follow-up. The proportion of boys (47.0% vs.
50.5%, p = 0.06) and mean age (8.28 years vs. 8.20 years, p =
0.19) of longitudinal analytic sample were comparable to chil-
dren who did not provide follow-up data, but less participants
were classified as low (8.4% vs. 9.1%) and high SES (30.0%
vs. 38.1%), p < 0.001. More details of demographic charac-
teristics are shown in Table 1; additional results of Pearson’s
correlations and 95%CIs between co-variables, sleep expo-
sures, and bone stiffness index can be found in Online
Resource (Table S1).
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At baseline, the average daily nocturnal sleep duration was
9.89 h; the median value of reported daily daytime napping was
60 min. There were 11.2% participants defined as short sleep
duration and 6.0% participants defined as long sleep duration.
Overall, 44.6% of the participants were defined as poor sleep
quality. At follow-up, the average daily nocturnal sleep duration
was 9.10 h; the median value of reported daily daytime napping
was 31.4 min. The proportions of short and long sleep duration
were 16.7% and 8.8%, respectively; 58.8% of participants were
reported having poor sleep quality. Furthermore, the average
bone stiffness index was 81.91 units at baseline and 91.22 units
at follow-up. More details regarding exposures, outcomes, and
covariates among pre-school children, primary school children,
and adolescents in each survey were shown in Table 2.
Associations between nocturnal sleep, daytime
napping, sleep quality, and SI percentiles
In the whole group, no cross-sectional associations between noc-
turnal sleep duration z-scores, sleep quality, and SI percentiles
were observed. Daytime napping duration was positively associ-
ated with SI percentiles (β = 0.78, 95%CI: 0.43, 1.14, p < 0.001),
and this association was independent of negative effect of screen
time and positive effect of sports club on SI percentiles as shown
in Online Resource (Table S2). After stratifying by total sleep
duration categories, we found that nocturnal sleep duration z-
scores were positively associated with SI percentiles in partici-
pants with adequate sleep duration (β = 1.81, 95%CI: 0.55, 3.07,
p = 0.005), and effect size was even larger, however not statisti-
cally significant, in participants with long sleep duration (β =
3.71, 95%CI: − 2.28, 9.70, p = 0.22). Nevertheless, the positive
association between daytime napping and SI percentiles was
statistically significant only in participants with adequate sleep
duration (β = 1.19, 95%CI: 0.76, 1.61, p < 0.001), and was more
pronounced but not statistically significant in participants with
short sleep duration (β = 1.27, 95%CI: − 1.14, 3.69, p = 0.30)
(Table 3).
After 4 years, we found that only follow-up daytime napping
was positively associatedwith follow-up SI percentiles (β= 0.84,
95%CI: 0.14, 1.53, p = 0.02), and it was not influenced by the
positive effect of sports club as shown in Online Resource
(Table S3), but only existed in participants with short sleep du-
ration after stratification (β = 2.42, 95%CI: 0.98, 3.85, p =
0.001). Even though there were no statistically significant asso-
ciations between sleep quality and SI percentiles in all groups
after 4 years, we observed that participants with poor sleep
Table 1 Descriptive characteristics of the study population
Baseline Follow-up
Whole group 2 to < 6 years 6 to < 12 years Whole group 6 to <12 years 12 to 15 years
N = 4871 N = 742 N = 4129 N = 861 N = 352 N = 509
Age (mean, SD) 8.21 (1.82) 5.17 (0.64) 8.76 (1.37) 12.13 (1.75) 10.27 (1.01) 13.42 (0.64)
Sex (N, %)
Boys 2431 (49.9) 370 (49.9) 2061 (49.9) 406 (47.2) 161 (45.7) 245 (48.1)
Girls 2440 (50.1) 372 (50.1) 2068 (50.1) 455 (52.8) 191 (54.3) 264 (51.9)
Puberty status (N, %)a
Pre or early pubertal / / / 447 (51.9) 297 (84.4) 150 (29.5)
Pubertal / / / 414 (48.1) 55 (15.6) 359 (70.5)
SES (N, %)
Low 436 (9.0) 54 (7.3) 382 (9.3) 54 (6.3) 23 (6.5) 31 (6.1)
Medium 2649 (54.4) 364 (49.1) 2285 (55.3) 434 (50.4) 188 (53.4) 246 (48.3)
High 1786 (36.7) 324 (43.7) 1462 (35.4) 373 (43.3) 141 (40.1) 232 (45.6)
Country (N, %)b
Belgium 325 (6.7) 42 (5.7) 283 (6.9) / / /
Cyprus 141 (2.9) 52 (7.0) 89 (2.2) 8 (0.9) 5 (1.4) 3 (0.6)
Estonia 652 (13.4) 8 (1.1) 644 (15.6) 155 (18.0) 0 (0) 155 (30.5)
Germany 779 (16.0) 122 (16.4) 657 (15.9) 259 (30.1) 142 (40.3) 117 (23.0)
Hungary 677 (13.9) 140 (18.9) 537 (13.0) / / /
Italy 1208 (24.8) 186 (25.1) 1022 (24.8) 251 (29.2) 106 (30.1) 145 (28.5)
Spain 771 (15.8) 138 (18.6) 633 (15.3) 188 (21.8) 99 (28.1) 89 (17.5)
Sweden 318 (6.5) 54 (7.3) 264 (6.4) / / /
a Pubertal status was not available at baseline survey and indicated with "/"
b Countries which did not participate in quantitative ultrasound module were indicated with "/"
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quality tended to have lower SI percentiles compared to their
counterparts in short (β = − 10.17, 95%CI: − 21.94, 1.61, p =
0.09) and long sleep duration group (β=− 4.99, 95%CI:− 22.75,
12.78, p = 0.56), respectively (Table 4). The combined effect size
was − 11.61 (95%CI: − 21.09, − 2.12, p = 0.02) if we merged
short and long sleep duration into one group with participants
who did not fulfill the sleep recommendation.
Associations between meeting NSF sleep
recommendation and SI percentiles
At baseline, there was no statistically significant difference on
SI percentile between children who fulfilled the sleep recom-
mendation and who did not. However, extreme total sleep du-
ration at baseline predicted lower SI percentiles after 4 years
compared to their counterparts when participants
simultaneously had poor sleep quality at baseline (β = − 8.09,
95%CI: − 13.39, − 2.79, p = 0.003) (Table 5). As shown in
Online Resource (Table S4), four interaction terms in the cross-
sectional model and eight in the longitudinal model were sep-
arately introduced to the main effects in the whole group, one of
which was statistically significant, i.e., the interaction between
extreme total sleep duration at baseline and average screen time
(β = − 0.52, 95%CI: − 1.02, − 0.03, p = 0.04). Specifically,
screen time has a stronger detrimental effect on SI percentile in
children with extreme total sleep duration.
Discussion
We observed a positive cross-sectional association between
nocturnal sleep duration and SI only in participants with
Table 2 Baseline and follow-up characteristics of exposures, outcomes, and covariates
Baseline Follow-up
Whole group 2 to < 6 years 6 to < 12 years Whole group 6 to < 12 years 12 to 15 years
N = 4871 N = 742 N = 4129 N = 861 N = 352 N = 509
Sleep duration
Nocturnal sleep duration (hours/day),
(mean, SD)
9.89 (0.80) 10.28 (0.85) 9.82 (0.77) 9.10 (1.01) 9.62 (0.71) 8.75 (1.03)
Nocturnal sleep duration z-scores,
(mean, SD)
0.33 (0.97) 0.48 (0.96) 0.31 (0.97) 0.09 (0.99) 0.26 (0.92) − 0.03 (1.02)
Had daytime napping (n, %) 522 (10.7) 237 (31.9) 285 (6.9) 119 (13.8) 25 (7.1) 94 (18.5)















Total sleep recommendation (n, %)
Short 545 (11.2) 126 (17.0) 419 (10.1) 144 (16.7) 54 (15.3) 90 (17.7)
Adequate 4032 (82.8) 610 (82.2) 3422 (82.9) 641 (74.5) 289 (82.1) 352 (69.2)
Long 294 (6.0) 6 (0.8) 288 (7.0) 76 (8.8) 9 (2.6) 67 (13.2)
Sleep quality (n, %)
Had an unregularly bedtime routine 1144 (23.5) 171 (23.1) 973 (23.6) 239 (27.8) 48 (13.6) 191 (37.5)
Had difficulty to fall asleep 427 (8.8) 55 (7.4) 372 (9.0) 148 (17.2) 39 (11.1) 109 (21.4)
Had trouble getting up 1117 (22.9) 146 (19.7) 971 (23.5) 359 (41.7) 101 (28.7) 258 (50.7)
Overall poor sleep quality 2172 (44.6) 304 (41.0) 1868 (45.2) 506 (58.8) 147 (41.8) 359 (70.5)
Quantitative ultrasound
Bone stiffness index, (mean, SD) 81.91 (13.19) 81.06 (16.79) 82.06 (12.43) 91.22 (16.38) 82.82 (12.78) 97.03 (16.09)
Bone stiffness index percentiles,
(mean, SD)
46.83 (28.34) 51.62 (30.59) 45.97 (27.84) 53.89 (28.98) 42.47 (28.67) 61.79 (26.48)
Anthropometric measures
Height (cm), (mean, SD) 131.19 (12.28) 112.78 (6.52) 134.50 (9.92) 154.23 (12.06) 143.91 (8.84) 161.37 (8.21)
Weight (kg), (mean, SD) 30.80 (9.79) 20.53 (4.10) 32.64 (9.36) 48.44 (13.90) 39.32 (10.89) 54.75 (12.16)
Body mass index, (mean, SD) 17.50 (3.30) 16.03 (2.16) 17.77 (3.39) 20.05 (4.00) 18.77 (3.80) 20.93 (3.90)
Body mass index z-scores, (mean, SD) 0.52 (1.21) 0.26 (1.30) 0.56 (1.18) 0.62 (1.08) 0.61 (1.13) 0.62 (1.05)
Health behaviors
Screen time (hours/week), (mean, SD) 13.90(7.69) 10.88 (6.46) 14.44 (7.77) 16.41 (10.33) 12.49 (6.81) 19.12 (11.43)
Sports club (hours/week), (mean, SD) 1.88 (2.14) 0.75 (1.25) 2.08 (2.20) 2.72 (2.81) 2.43 (2.24) 2.92 (3.13)
a Calculated only for participants who reported had daytime napping
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adequate sleep duration. In general, the positive association
between daytime napping and SI was more pronounced in
participants with short and adequate sleep duration.
Moreover, extreme sleep duration at baseline predicted lower
SI over the 4 years of follow-up in participants with poor sleep
quality. Besides, a negative association of SB and a positive
association of PA with SI were observed, which are consistent
with previous IDEFICS/I.Family findings [27, 28]. However,
these known factors influencing bone development did not
modify the associations between sleep exposures and SI in
Table 4 Longitudinal
associations between sleep
characteristics and bone stiffness
index percentiles in 2013/14,
stratified by total sleep duration a
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All models were adjusted for bone stiffness index percentiles at baseline, sex, age, family socioeconomic status,
pubertal status, BMI z-scores, and daylight duration at follow-up as well as average screen time and time spent at
sports clubs at both surveys
a Based on the sleep recommendation from the National Sleep Foundation
bGood sleep quality was defined as fulfilling at both baseline and follow-up
c p≥0.05 after adjustment for multiple testing according to Holm’s sequential Bonferroni procedure
Table 3 Cross-sectional associations between sleep characteristics and bone stiffness index percentiles in 2009/10, stratified by total sleep durationa
Whole group Short sleep duration Adequate sleep duration Long sleep duration
(N = 4871) (N = 545) (N = 4032) (N = 294)
β (95%CI) p value β (95%CI) p
value




0.26 (− 0.63, 1.14) 0.57 − 1.25 (− 4.82,
2.31)
0.49 1.81 (0.55, 3.07) 0.005 3.71 (− 2.28,
9.70)
0.22
Daytime napping 0.78 (0.43, 1.14) p <
0.001






Poor vs. good (reference) − 0.44 (− 2.09,
1.22)
0.61 0.87 (− 4.12, 5.86) 0.73 − 0.88 (− 2.70,
0.93)
0.34 1.42 (− 5.84,
8.69)
0.70
All models were adjusted for sex, age, family socioeconomic status, screen time, time spent at sports clubs, BMI z-scores, and daylight duration, with a
random effect for country
a Based on the sleep recommendation from the National Sleep Foundation
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the present study. In addition, we found extreme sleep dura-
tion had an interactive effect on the association between
screen time and SI, suggesting that sleep duration should also
be taken into consideration in further studies on behavioral
risk factors for bone health.
To our best knowledge, there were only three studies
investigating the associations between sleep duration and
bone density measured by DXA among children and ado-
lescents and reporting conflicting results: a cross-sectional
study among 4–12 year-old children found positive associa-
tions of long nocturnal sleep duration and daytime napping
with total BMC [15]. Another study conducted among 6–18
year-old Japanese students reported that habitual napping
rather than nocturnal sleep duration was positively associat-
ed with BMD at the distal forearm of the non-dominant side
[16]. The last, a longitudinal study using compositional time
of 24 h day, reported that total sleep duration was not related
to BMC and BMD [17]. QUS, as a fast, radiation-free and
cost-effective technique, not only offers better accessibility
for large-scale epidemiological studies particularly involving
healthy children and adolescents but also provides some
information on the structural and geometric properties of
the bone in addition to bone density measured by DXA.
The predictive values of both BUA and SOS for osteopo-
rotic fracture have been supported by a systematic review on
prospective studies, albeit decreased with time [29]. Some
researchers propose to use more sophisticated QUS indices,
e.g., SI. Compared with using BUA and SOS alone, SI
showed more sensitivity for subjects with low BMD [30]
and better long-term precision to monitor the treatment ef-
fect of therapies [31, 32]. However, there are still some
concerns on the QUS methodology because of the poor
knowledge on bone properties reflected by QUS parameters,
the influence of body size, and technological diversity
among QUS devices and indices [24]. Therefore, the
comparison of our study with previous research is limited
and our results should be carefully interpreted.
In the present study, we found that longer nocturnal sleep
duration would not be beneficial to bone health if children had
inadequate total sleep duration. In contrast, more daytime nap-
ping could make up for the deleterious effect of inadequate
total sleep duration on bone. However, our results were in
contrast to the findings from previous studies in adults, which
suggested that daytime napping duration was a risk factor of
lower BMD [33, 34]. According to previous systematic re-
views regarding other health effects of daytime napping, the
risks of detrimental outcomes (i.e., cardiovascular disease, and
type diabetes and metabolic syndrome) showed a J-curve
dose-response with no effect [35] or decreases [36] up to about
40 min/day, and then followed by sharp increases. Moreover,
a study conducted in American high school students sug-
gested that only specific time period of taking naps (e.g., after
2 pm) was related to increasing inflammatory factors [37].
However, only about 6% of the children reported their day-
time napping was more than 40 min/day in our sample. These
results indicated that acceptable duration of daytime napping
may be good for bone health in children and adolescents who
did not have long sleep duration. However, the optimal thresh-
old and timing of napping are still needed to be confirmed.
Healthy sleep consists of adequate duration and good qual-
ity. Although individuals with extreme sleep duration (short or
long) tend to have poor sleep quality and vice versa, it is still
possible that some individuals naturally need less or more
sleep compared to others, only if good sleep quality is main-
tained under individually preferred sleep duration [38]. On the
other hand, individuals with poor sleep quality alsomay partly
compensate by keeping adequate sleep duration. Nonetheless,
relatively few studies simultaneously examined the effects of
extreme sleep duration and sleep quality. In order to preclude
the interplay of sleep duration and quality in the present study,
Table 5 Cross-sectional and longitudinal associations between meeting sleep guidelines a and bone stiffness index percentiles, stratified by sleep
quality
Whole group Poor sleep quality Good sleep quality
β (95%CI) p value β (95%CI) p value β (95%CI) p value
Cross-sectional models N = 4871 N = 2172 N = 2699
Short or long vs. adequate (reference) − 0.49 (− 2.46, 1.47) 0.62 0.82 (− 1.91, 3.55) 0.56 − 1.89 (− 4.73, 0.94) 0.19
Longitudinal models N = 861 N = 405 N = 456
Baseline short or long vs. adequate (reference) − 3.45 (− 7.61, 0.70) 0.10 − 8.09 (− 13.39, − 2.79) 0.003 1.28 (− 5.17, 7.73) 0.70
Follow-up short or long vs. adequate (reference) − 0.55 (− 4.09, 2.99) 0.76 0.49 (− 4.26, 5.25) 0.84 − 3.08 (− 8.31, 2.14) 0.25
All cross-sectional models were adjusted for sex, age, family socioeconomic status, screen time, time spent at sports clubs, BMI z-scores, and daylight
duration, with a random effect for country
All longitudinal models were adjusted for bone stiffness index percentiles at baseline, sex, age, family socioeconomic status, pubertal status, BMI z-
scores, and daylight duration at follow-up as well as average screen time and time spent at sports clubs at both surveys
All whole models were additionally adjusted for sleep quality
a Based on the sleep recommendation from the National Sleep Foundation
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we explored the associations stratified by sleep duration and
sleep quality, suggested that the associations of sleep duration
and quality with bone health may be interrelated. These find-
ings were supported by previous studies in adults. For exam-
ple, Zeng et al. [39] reported that long sleep duration was a
risk factor for poor quality of life in patients with type 2 dia-
betes mellitus who reported poor sleep quality. In contrast,
Chen et al. [33] found the association between sleep duration
and osteoporosis was most pronounced in postmenopausal
women reported good sleep quality. Given the limited and
conflicting evidence, the interactive effect between sleep du-
ration and sleep quality on bone is still unknown.
Experimental sleep deprivation studies have demonstrated
that sleep restriction may lead to increase of bone resorption
markers and decrease of bone formation markers, thereby
impacting the bone mass accrual [40, 41]. Compared to the
detrimental effects of short sleep duration, evidence of long
sleep duration is still lack among youth, and the underlying
mechanism for adverse effects of long sleep duration on health
is rarely investigated because of the difficulty to conduct ex-
perimental studies. However, a recent systematic review sug-
gested that long sleep duration, but not short sleep duration,
was associated with increased inflammatory factors [9].
Moreover, long sleep duration may decrease daily exercises
and thus results in less bone stimulation from mechanical
loading [42]. Furthermore, extreme sleep duration and poor
quality always paralleled with the poor sleep efficiency and
interruption of circadian rhythm [43]. Growth hormone (GH)
levels are increased during sleep period. GH and insulin-like
growth factor 1 (IGF-1) have been demonstrated to stimulate
osteoblasts in the bone, and GH also effects musculoskeletal
system directly as well as through mediating IGF-1 levels
[44]. In addition, the circadian rhythm is related to
hypothalamic-pituitary-adrenal axis which is typically relates
to the release of cortisol. High level of cortisol can exert det-
rimental effects on the musculoskeletal system directly and by
inhibiting GH and IGF-1 [44, 45]. Considering that the in-
creases of extreme sleep duration and poor sleep quality have
raised a concern from early life span, more perspective studies
are needed to establish causality as well as the underlying
mechanisms on bone health.
The main strength of the present study is that we fill the
research gap regarding the associations and interplays of noc-
turnal sleep duration, daytime napping, and sleep quality with
SI. Moreover, the prospective study design, the standardized
measures providing harmonized data across eight European
countries, and the large sample size covering children from
2 to 15 years old strengthen our findings. The deep phenotyp-
ing also allows consideration of a number of important con-
founders, i.e., family SES, pubertal status, BMI, PA, and SB.
However, some limitations should be acknowledged. First, the
QUS measurement was only available in a subgroup with
decreasing sample size over the 4 years of follow-up, which
may cause selective bias in data interpretation. Second, sleep
duration was reported by parents or adolescents, and sleep
quality was estimated from only three sleep characteristics.
Finally, we did not have information regarding some possible
confounders, e.g., weight-bearing exercises and calcium in-
take. Instead, we used proxy indicators of reported types of
sport in sports club (moderate or high mechanical loads vs. no
or low mechanical loads) and milk and dairy products con-
sumption (frequency/week). However, no modifying effects
were observed in the exploratory analysis stage; hence, we did
not include them in the final models in order to maintain the
sample size.
In conclusion, we observed that for every 10 min/day in-
crease in daytime napping was associated with approximately
1 unit increase in SI percentiles, and it was even more bene-
ficial for individuals who had short sleep duration according
to NSF sleep recommendation. Furthermore, the associations
of sleep duration and sleep quality with calcaneus SI may
partly depend on each other. We suggest that children and
adolescents should follow the NSF sleep recommendation in
order to maximize bone strength during growth, especially for
those who had poor sleep quality measured by no regular
bedtime routine, had trouble getting up in the morning and
difficulty falling asleep.
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